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Abstract 
Jennifer Griggs 
The Effects of Diesel Exhaust Particles or Titanium Dioxide Nanoparticles on 
Biomarkers of Pulmonary Inflammation 
(Under the direction of Dr. David Diaz-Sanchez and Dr. Ilona Jaspers) 
Pulmonary exposure to particulate matter has been associated with development of 
pulmonary inflammation which can lead to pulmonary illnesses and diseases. Various 
cultures have turned to various dietary supplements to treat pulmonary inflammation. In this 
study, BEAS 2 B cells were pre-treated with curcumin or sulforaphane dietary extracts prior 
to diesel exhaust particle (DEP) challenge while MHS cells were exposed to various sizes of 
titanium dioxide nanoparticles. These two systems allowed me to examine whether 
particulates can up-regulate biomarkers of inflammation and whether supplements can 
mitigate inflammation via altering signal transduction in multiple pathways. I hypothesized 
that all particulate matter would activate pro-inflammatory signal transduction and pre-
treatment with extracts would enhance antioxidant response after DEP challenge.  In this 
study, inflammatory biomarkers were only enhanced in DEP challenged cells after 
supplement pre-treatment while only NQO-1 antioxidant response was enhanced. 
Inflammatory biomarkers were enhanced in cells exposed to the smallest-sized titanium 
dioxide particles. 
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CHAPTER I: 
INTRODUCTION 
 The adverse health effects caused by ambient air ultrafine particulate matter 
(particles with a diameter less than 0.1 um) have been documented in several studies (Peters 
et al. 2001; Pope(III) et al. 2002; Samet et al. 2000). The properties of these particles may be 
the cause of the adverse health effects and death (Samet et al. 2000). Ultrafine particles tend 
to have a large surface area which allows a cocktail of organic chemicals to adhere to the 
surface of the particles and the size of these particles allows avoidance of cilia and easy 
access to the airways and circulation which can lead to acute and chronic illnesses. Due to 
the evident dangers of air pollution exposure, ambient air particulate matter is currently 
regulated under the U.S. Environmental Protection Agency Clean Air Act. One pollutant 
regulated under the Clean Air Act is the particulate matter, diesel exhaust particles. The 
particulate physical state of this air pollutant makes it easily respirable, which allows its 
nearly unimpeded movement through the mouth and nostrils before landing in the 
respiratory-tract epithelia. Diesel exhaust particles can induce increased production and 
cellular release of oxidants such as superoxide anions, hydroxyl radical singlet oxygen, 
peroxynitrite, and hydrogen peroxide (Rahman et al. 2005). Particles, soluble organics, 
metals, and gases adsorbed to the carbon core of the particulate also release oxidants 
(Hesterberg et al. 2010; Li et al. 2008). Oxidative stress occurs when the levels of oxidants 
vastly outweigh the levels of antioxidants naturally found in the system. 
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  One type of ultrafine particle that is not regulated by the U.S. EPA may also cause 
adverse pulmonary health effects. Manufactured nanoparticles are used in a variety of 
products and industrial processes such as cosmetics, clothes, plastics, sunscreen, electronics, 
soil and water remediation, and as a mechanism of drug delivery (Li et al. 2010; Salata 2004) 
due to the unique physiochemical properties of nanoparticles such as its size, porosity, 
structure and molecular composition (Li et al. 2010). Titanium dioxide nanoparticles are also 
a by-product of vehicle fuel combustion and power plant processes. However, the same 
characteristics that make them ideal components of commercial products may also contribute 
to airway tissue toxicity. Some studies have found that titanium dioxide nanoparticles can 
induce the generation of pro-inflammatory cytokines and reactive oxygen species in lung 
epithelial cells and macrophages thus activating caspases- 3 and -7 which are responsible for 
proteolysis and DNA damage, thereby leading to apoptosis in bronchial epithelial cells 
(Hussain et al. 2009; Li et al. 2008). 
Natural products, including plants and elements, have historically been used to relieve 
the negative symptoms of induced pulmonary inflammation characterized by redness, 
swelling, and pain or irritation which can eventually lead to cell damage (Kumar et al. 1999). 
Inflammation serves as an inherent immune mechanism that is important for self-healing and 
repair. Although the primary role of inflammatory responses is protective, the severity of this 
response in the respiratory system can cause damage and dysfunction in the body, especially 
in cases where inflammation cannot be alleviated, as in asthma, chronic obstructive 
pulmonary disease (COPD), bronchitis, and cardiovascular disease. Alternative medicine has 
been used by many cultures to treat such inflammation. For instance, Eucalyptus globulus 
leaf water extract has been used in Africa, Asia, Southern Europe, and North and South 
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America for the treatment of asthma, bronchitis, and respiratory inflammation (Almeida et al. 
2009).  In Asian cultures the seeds from Magnolia plants, Magnoliae flos, have been used to 
treat sinusitis and nasal congestion (Baek et al. 2009). In the respiratory tract, a sensitive 
balance exists between oxidants and antioxidants, both of which are required for normal 
pulmonary function. Oxidants are molecules that are by-products of physiological and 
metabolic processes and are able to oxidize other molecules by accepting electrons from 
these molecules; antioxidants hinder or inhibit the oxidation of molecules. Maintaining the 
balance between oxidants and antioxidants is critical for proper functioning of physiological 
and biochemical processes in the body such as electrical potentials in cell membranes and 
cell respiration. Excessive amounts of oxidants damage cell structure and function, induce 
inflammation, alter cell signal transduction, and/or induce programmed cell death in a three 
tier response.  
The importance of particle-induced pulmonary damage to long-term health.    
In the first tier of pulmonary defense, respiratory-tract lining fluids (RTLF) act as the 
first line of defense against oxidative stress and are composed of uric acid, ascorbic acid 
(vitamin C), α-tocopherol (vitamin E), glutathione, glutathione peroxidases, thioredoxin, 
polyunsaturated fatty acids, transferrin, lactoferrin, albumin, PMNs, superoxide dismutase 
(Cross et al. 2002; Kelly 2003, 2004; Pryor et al. 1995). As environmental cigarette smoke, 
ozone, particulate matter, sulfur dioxides and other air pollutants encounter the endogenous 
antioxidants, the antioxidants act as oxidant scavengers by mimicking oxidant substrates to 
which oxidants bind thus preventing the pollutants from oxidizing proteins, carbohydrates, 
and lipids. Oxidant scavenging depletes the normal levels of free antioxidants in the RTLF. 
When antioxidant levels are insufficient to protect the respiratory tract, oxidation of the 
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proteins, carbohydrates, and lipids composing the cell membranes result in the destruction of 
the cell membranes. When this occurs, an influx of immune-mediated cells such as 
neutrophils, lymphocytes, and/or mast cells appear to repair the damaged membranes. The 
attachment of neutrophils to particulates or other pollutants induces the release of molecules 
such as intercellular adhesion molecules-1/CD54 that amass inflammatory cells and activate 
pro-inflammatory signal transduction (Takizawa et al. 2000) all of which are hallmarks of 
tier 2 effects.  
Despite oxidant scavenging by multiple constituents within the RTLF, the depletion 
of these antioxidant components enables the oxidants to overwhelm the antioxidants and 
react with the proteins or lipids in the epithelial layer (Blomberg 2000; Cross et al. 2002; 
Kelly 2003). The depletion of the endogenous antioxidant vitamin C enhances lipid 
peroxidation of the proteins and lipids composing the plasma membrane as well as DNA over 
time (Hatch 1995). This peroxidation stimulates the release of proteases from macrophages 
in the pulmonary tissues. Proteases continue to degrade the proteins within the lung tissue 
which leads to the loss of lung structure and elasticity (Banerjee et al. 2007). Lipid 
peroxidation and cell damage can cause a continuous cycle of inflammation that is 
characterized by the generation of more oxidants such as reactive oxygen species and 
reactive nitrogen species (ROS/RNS) from neutrophils, macrophages, eosinophils, and lung 
microsomes. More specifically, the immune cells contain cytochrome b245 NADPH oxidase, 
which uses oxygen to produce reactive superoxide anion radicals. As superoxide dismutase 
removes these free radicals, hydrogen peroxide is produced and further propagates the pro-
inflammatory cycle by reacting with ROS parent compounds to produce ROS intermediates 
(Kelly 2003). All of these responses hinder lung development and exacerbate respiratory 
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dysfunction and diseases. An eight-year study examined the lung development of individuals 
aged 10-18 exposed to ambient levels of air pollution composed of ozone, nitrogen dioxide, 
acid vapor, particulate matter, and elemental and organic carbon. Overall, individuals living 
in areas heavily polluted by nitrogen dioxide, acid vapor, and elemental carbon were found to 
have significantly reduced forced expiratory volume, forced vital capacity, and maximal mid-
expiratory flow rate and thus a shortfall in overall lung development (Gauderman et al. 
2004). Ultimately, generation of these free radicals significantly affect further induction of 
inflammation and cell damage via altering the transduction of cell signals. 
 Oxidative stress has a strong impact on cell signal transduction, resulting in 
alterations that critically impact the activation, expression, and function of proteins that are 
especially important during the pro-inflammatory process. The mitogen-activated protein 
kinase (MAPK) pathways have two different signal transduction cascades that are induced by 
air pollutants and particulate matter (Figure 1). In the p38 MAPK pathway, ROS and RNS 
activate apoptosis signal-regulating kinase 1 (ASK1), which induce the upstream regulators 
MAPK kinase 3 and 6 (MKK3) and (MKK6) to phosphorylate tyrosine and threonine on p38 
MAPK, thereby activating p38 MAPK by (Hashimoto et al 2000). In the JNK MAPK 
pathway, exposure to air pollutants induces the phosphorylation and activation of MEK. 
Phosphorylation of MEK leads to the phosphorylation and activation of c-Jun-NH2 terminal 
kinase (JNK) (Cho et al. 2007). JNK and p38 MAPK moves from the cytoplasm to the 
nucleus and binds to activator protein-1 (AP-1), which enhances the transcription of 
cytokines, chemokines, macrophage inflammatory proteins (MIP-2), and ICAM (Hashimoto 
et al. 2000; Reidl and Diaz-Sanchez 2005; Takizawa et al. 2000; Williams et al. 2008).  The 
activation of the p38 MAPK pathway suggests the occurrence of airway hyperresponsiveness 
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via  production of interleukin-1β (IL-1β), increases in MIP-2, and influx of neutrophils 
(Williams et al. 2008) . Airway hyperresponsiveness is a major characteristic of asthma, 
COPD, bronchitis, and other respiratory illnesses. MAPK has also been shown to activate the 
Nuclear Factor Kappa B (NF-κB) pathway (Boland et al. 2000) which is one of the most 
well-studied pro-inflammatory pathways. 
 In the inactive state, the homodimeric and heterodimeric subunits of NF-κB are 
bound to IκB in the cytosol. Activation begins via the recognition of ROS/ RNS, the pro-
inflammatory mediator’s tumor necrosis factor- α (TNF) and IL-1 by TNF receptors, and IL-
1 receptors. The bound receptors activate protein kinases. IκB kinase (IKK) phosphorylates 
and ubiquitinates IκB which essentially tags it for proteasomal degradation. NF-κB is 
released from IκB and translocates to the nucleus where it binds to DNA and pro-
inflammatory genes are transcribed (Alberts et al. 2008; Kensler et al. 2007; Magnani et al. 
2000). Like other pro-inflammatory cell signal transcription factors, NF-κB is responsible for 
the up-regulation of pro-inflammatory chemokines, cytokines, and intercellular adhesion 
molecules (ICAM-1) which enhances attachment of immune cells at the site of damage 
(Reidl and Diaz-Sanchez 2005; Takizawa et al. 2000) (Figure 1).  
 Stimulation of the nuclear factor- interleukin-6 (NF-IL6) pathway can also promote 
the up-regulation of pro-inflammatory mediators. Transduction in this pathway differs from 
NF-κB in that lipid ozonation products that are produced from the reaction between ROS or 
air pollutants and lipid membranes signal the activation of this cascade. The lipid ozonation 
products stimulate the activation of protein kinases. Like the NF-κB pathway, NF-IL6 is 
phosphorylated prior to its translocation to the nucleus where NF-IL6 binds to the IL-8 
 7
promoter on the DNA. IL-8 transcription leads to increased RNA levels of the pro-
inflammatory cytokine IL-8 (Jaspers et al. 1997). 
 Many studies have also found a strong link between air pollution and cardiovascular 
disease. Particulate matter has been shown to enhance monocyte aggregation which promotes 
the formation of atherosclerotic plaques. Atherosclerosis is the inflammatory process which 
takes place within vessel walls. Airway inflammation stimulates the influx of monocytes into 
vessels where the monocytes develop into macrophages; macrophages engulf lipoproteins 
and become immobile foam cells. These foam cells release cytokines which compounds 
inflammation and recruits lipids to the area of inflammation, thus creating unstable 
atherosclerotic plaques (Yatera et al. 2008). Researchers propose that oxidative stress 
increases the permeability of airway epithelia thereby allowing fine particulate matter and 
pro-inflammatory cytokines and chemokines to gain access to systemic circulation (Nemmar 
et al. 2001; Yatera et al. 2008). Other studies have also found that inflammation induced by 
particulate matter increased the levels of C-reactive protein (a biomarker of systemic 
inflammation) and plasma fibrinogen, a component of atherosclerotic plaques (Elder et al. 
2004; Ghio et al. 2000). Ultimately, the presence of these particles creates an inflammatory 
response in the vessel walls and systemic circulation, eventually leading to unstable plaque 
formation. Increased levels of oxidants stimulated by air pollutant exposure not only promote 
the formation of atherosclerotic plaques, but they also lead to atherothrombosis and vessel 
occlusion. When chronically exposed to air pollution, vascular inflammation persists and the 
atherosclerotic plaque grows larger. Eventually, the large plaque occludes the vessel and the 
individual suffers a myocardial infarction, or the unstable plaque ruptures and myocardial 
ischemia or infarction ensues (Mills et al. 2007). Studies confirm that the effects of increased 
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levels of particulate matter can lead to increased cases of hospitalization due to myocardial 
infarctions (Peters et al. 2001; Schwartz 1999).  
Mitigating the negative effects . . . without outside help   
While oxidative stress-induced inflammation exerts its negative effects on pulmonary 
and systemic function, the body mobilizes a protective defense against the compounding 
inflammation through several mechanisms of its own as part of tier 1 response. The 
respiratory tract lining fluids and compounds released from respiratory endothelial cells act 
as oxidant scavengers or oxidant metabolizers once they encounter the air pollution in the 
epithelial layer. Once the oxidant scavengers are depleted, vitamin E is mobilized from other 
tissues in the body, sequestered in type II alveolar cells, and released into the respiratory tract 
lining (Kolleck et al. 2002) where vitamin E continues to act as an oxidant scavenger 
(Behndig et al. 2009). Other endogenous compounds are also up-regulated to mediate the 
effects of air pollution. Increased levels of mucin are composed of cysteine-rich areas and 
disulfide bonds, thus making it a metal chelator. In addition to being a metal chelater, mucin 
also function as hydroxyl radical scavengers (Cross et al. 1984). The up-regulation of uric 
acid, via its uptake by airway gland cells, is considered to be a strong scavenger of ozone, 
hydroxyl radicals, singlet oxygen, and peroxyradicals (Becker 1993; Behndig et al. 2009; 
Peden et al. 1993). Vitamin C halts the lipid peroxidation of lipoproteins and membranes by 
using electron transfer to scavenge pro-oxidants (Bezerra et al. 2006). Air pollutants such as 
ozone, asbestos, environmental cigarette smoke, and particulate matter up-regulate the levels 
of glutathione (GSH) (Cross et al. 1994). GSH acts as an oxidant scavenger when the oxidant 
interacts with a sulfhydryl group on GSH. The enzyme glutathione peroxidase unites the 
reactive oxygen species with GSH, thus enabling the reduction of GSH to glutathione 
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disulfide (GSSG) which allows ROS’s to be more easily excreted (Behndig et al. 2009; 
Romieu et al. 2004). Thioredoxins’ mechanism of action is very similar to glutathione in that 
thioredoxin acts as an oxidant scavenger with help from the enzyme thioredoxin peroxidase. 
However, since thioredoxin is located in the mitochondria where electron transfer activity 
peaks in the cell, thioredoxin triggers the release of superoxide dismutase-2 which is 
responsible for converting superoxide radicals to superoxide anions and the non-radical 
hydrogen peroxide (Cho and Kleeberger 2009). Phase II enzymes such as glutathione 
transferase and NADPH- quinone oxidoreductase are involved in the conjugation of ROS and 
RNS so as to prevent oxidation of cell components (Alberts et al. 2008). The up-regulation of 
the antioxidant enzyme catalase located in peroxisomes is responsible for reducing hydrogen 
peroxides into water and oxygen (Rahman et al. 2005).While the body has many compounds 
and enzymes to combat the negative effects associated with oxidative stress in fluids and 
respiratory cells, the body’s natural defenses can extend past the upper layers of the 
respiratory tract and affect signal transduction pathways thereby activating tier 2 response.   
In the aryl hydrocarbon receptor pathway, air pollutants, ROS and PAH stimulate 
cytochrome p450 metabolism which results in the production of o-quinone product. O-
quinone binds to the cytoplasmic aryl hydrocarbon receptor and translocates to the nucleus 
where it associates with ARNT. The complex binds to the xenobiotic response element 
thereby enhancing formatin of DNA adduct and strand breakage. The nuclear Ahr/ARNT 
complex’s binding to the xenobiotic response element on DNA can also stimulate the 
transcription and production of cytochrome p450 enzymes (or phase I detoxification 
enzymes) and glutathione (phase II detoxification enzymes) (Xu et al. 2005) (Figure 2). 
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 The AP-1 signal transduction pathway can reduce the level of cell damage by 
indirectly activating anion exchange proteins. In this cascade, the presence of ROS such as a 
reactive superoxide anion triggers the dimerization of c-Jun with itself or with a Fos binding 
protein. Subsequent phosphorylation of c-jun activates the dimer, which translocates to the 
nucleus where it binds to the activator protein -1 sequence in the anion exchange promoter 
region of the DNA. DNA transcription with increased levels of anion exchange proteins 
enhances the removal of superoxide anions from the cell by passing through anion exchange 
proteins. Under normal conditions, anion exchange proteins maintain the appropriate cell pH 
and volume. In the case of superoxide anions, when the anions are shuttled out of the cells in 
exchange for bicarbonate, then  superoxide-induced cell damage is minimized (Turi et al. 
2002) (Figure 3). 
 One of the most well-studied anti-inflammatory signal transduction pathways 
associated with oxidative stress is the nuclear receptor – erythroid 2 related factor (Nrf2). 
Under normal conditions, the Nrf2 binding factor is bound to the Kelch-like ECH-associated 
protein (Keap1) which keeps Nrf2 in the cytoplasm of the cell, thereby preventing Nrf2 from 
activating gene transcription in the nucleus. Cysteine residues on Keap1 are responsible for 
ubiquitination of Nrf2 which essentially tags Nrf2 for proteasomal degradation.  In the 
presence of oxidative stress, pro-oxidant species activate phosphokinase C (PKC). PKC 
phosphorylates Nrf2 which releases it from Keap1 (Bloom and Jaiswal 2003) or the pro-
oxidant species alter the sulfhydryl-thiol residues on Keap1 which leads to the release of 
Nrf2 (Dinkova-Kostova et al. 2002; Zhang and Hannink 2003). Nrf2 translocates to the 
nucleus where Nrf2 binds to the xenobiotic response element (XRE) (Patel and Maru 2008). 
Due to multiple gene-specific leucine zipper transcription factors on Nrf2 which can bind to a 
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variety of consensus sequences on DNA, a multitude of antioxidative enzymes and 
compounds such as NADPH- quinone oxidoreductase (NQO1), GST, superoxide dismutase, 
ferritin, heme oxygenase-1 (HO1), and UDP-gluronyl transferase (UGT) (Cho and 
Kleeberger 2009; Kensler et al. 2007) are transcribed (Figure 2).  If all of the aforementioned 
biological strategies fail to alleviate oxidative stress, the cells will undergo tier 3, response 
during which time ROS activate caspase 8, 3, and 7 (Hussain et al. 2010). Ultimately, 
caspase activation induces apoptosis or programmed cell death as a way to rid the body of the 
unhealthy, affected cells.  
Genetic conditions that predisposes individuals to air pollutant-induced respiratory 
illnesses 
  Many endogenous compounds, enzymes, and antioxidant pathways enable the body 
to defend and repair itself from oxidative stress; however, genetic differences or respiratory 
illnesses can reduce the levels of these compounds which can compromise the body’s natural 
defenses. Individuals with a glutathione-S-transferase mu (GSTM) polymorphism, more 
specifically a GSTM homozygous gene deletion, lack GST activity. In Caucasian 
populations, up to 50% of the population has GSTM gene deletions (Carless et al. 2002; 
Chen and Liu 1996).This common gene deletion may make an individual more sensitive to 
oxidative stress. Researchers propose that this deletion may also be a biomarker of asthma 
and DNA damage. In a population of asthmatic children exposed to ozone, 39% had a 
GSTM1 gene deletion while approximately 63-65% with moderate to severe asthma were 
GSTM1 null (Romieu et al. 2004).  Healthy adults with the GSTM gene deletion exhibited 
increased levels of neutrophils, macrophages, and PMNs in the airway after ozone exposure 
(Alexis et al. 2009). The authors note that these persistently high levels of pro-inflammatory 
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biomarkers may exacerbate respiratory diseases (2009). GSTM1 null individuals exposed to 
low levels of benzo[a]pyrene had a higher level of DNA adduct formation when compared to 
those without the GSTM gene deletion (Georgiadis et al. 2004). Increased levels of gene 
deletions and genetic mutations have been linked to increased tumor initiation and cancer.  
 Studies by Kleeberger et al (Kleeberger et al. 1997; 2000) showed that quantitative 
trait loci (QTL) located between Tlr4 and Mup1 on chromosome 4 in mice lungs was linked 
with the phenotypic expression of ozone-induced hyperpermeability of cells. Genetic 
changes in the QTL were hypothesized to augment susceptibility to hyperpermeability. QTL 
on chromosome 17 was linked with the phenotypic expression of increased influx of 
inflammatory cells (PMN’s) into the lungs of mice given TNF antibodies. In these studies, 
genetic variations within chromosomes 17 and 4 resulted in the influx of PMN’s, increased 
cell permeability, and increased PMN’s in ozone-exposed mice. 
CYP1A1 polymorphisms is associated with increased DNA adduct formation. 
College students expressing the CYP1A1*2A polymorphism, had higher amounts of DNA 
adducts when compared to those expressing the CYP1A1 wild type. When the students were 
exposed to low levels of benzo[a]pyrene and environmental tobacco smoke, the number of 
DNA adducts was amplified in individuals expressing the CYP1A1*2A polymorphism 
(Georgiadis et al. 2004). 
 In the past, cultures have relied on natural remedies to reduce various kinds of 
inflammation; now, scientists are determining whether these remedies are effective at 
alleviating pulmonary inflammation and enhancing the body’s natural defense system on the 
surface and at the molecular level. This determination can prove to be very valuable for 
individuals who have respiratory illnesses or genetic deficiencies, because such dietary 
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interventions may be a safer, more efficacious, and cost-effective alternative to traditional 
medicine. The most common dietary interventions with reputations of being powerful anti-
inflammatories and/or antioxidants and  promoting good health include vitamins, trace 
elements, and polyphenols - a category in which an abundance of dietary supplements are 
found. 
The use of dietary supplements to mitigate the negative affects caused by particulates 
vitamin C, vitamin E, and omega 3 polyunsaturated fatty acids (PUFA) 
 Scientists and doctors have known for hundreds of years that vitamins are 
fundamental for the proper functioning of physiological processes such as metabolism, organ 
function, and protection against diseases. In the 1700’s foods containing citrus were found to 
prevent scurvy, fish oil which contained vitamin D was found to prevent rickets, and ancient 
Egyptians used cod liver which contained vitamin A to treat nyctalopia which is a condition 
that disables individuals from responding to low light and eventually leads to blindness 
(Rosenfeld 1997; Wolf 1978). Recently, researchers have examined whether pollution-
induced oxidative stress in the airways can be diminished with vitamin consumption.  
 Individuals with a respiratory illness such as asthma or genetic polymorphisms 
experience increased airway hyper-responsiveness caused by air pollution. Asthmatic 
children whose lungs are developing have an even higher risk of asthma symptoms 
worsening over time. However, studies have found that vitamin C and E supplements can 
reduce these negative effects. Asthmatic children between 8 and 9-years-old were given 
vitamin C and vitamin E supplements for 4 months. Asthmatic children given the placebo 
experienced increased levels of IL-6 while children receiving vitamins C and E that was 
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close to 5 times the recommended daily allowance had no significant increase in IL-6 after 
continuous exposure to ambient ozone levels (Sienra-Monge et al. 2004).  
 Mice fed vitamin C and vitamin E supplements together and alone prior to being 
exposed to cigarette smoke experienced reduced influx of PMN’s and alveolar macrophages 
when compared to the mice that did not receive dietary supplementation (Bezerra et al. 
2006). Malondialdehyde levels were used as biomarkers of lipid peroxidation damage and 
oxidative stress, because malondialdehyde levels are correlated with lipid peroxidation and 
are usually elevated in individuals with COPD. Mice in the supplement treatment had lower 
levels of malondialdehyde than the mice receiving the cigarette smoke only. Both vitamins 
also reduce matrix metalloproteinases (MMP-12), the enzymes that digest the extracellular 
matrix and basement membranes of cells. Bezerra et al.(2006)  determined that cigarette 
smoke induce alveolar macrophages to exude MMP-12 which subsequently releases TNF-α, 
an endothelial cell stimulant that triggers the influx of inflammatory cells. This conclusion 
was confirmed when TNF-α levels were not detected in the vitamin supplement group. While 
NF-κB was activated in the cigarette smoke-exposed group, NF-κB was not activated in the 
vitamin supplement group. Bezerra et al. (2006)  suggest that the lack of inflammatory cell 
influx was likely due to low activation of the NF-κB pathway in the group receiving vitamin 
supplements.  
 Studies have suggested that young, healthy people are susceptible to the inflammation 
caused by air pollution; similarly, elderly individuals are also vulnerable to air pollution-
induced inflammation due to decreased ability to mobilize an immune response and the loss 
of lung elasticity (Aspinall et al. 2010; Meyer 2005). However, dietary supplementation is 
beneficial to maintaining the health of the elderly in the presence of ambient air pollutants. A 
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study by Romieu et al. (2008) revealed healthy elderly individuals given omega-3 PUFA 
supplements while exposed to ambient fine particulate matter had increased antioxidant 
enzyme activity and glutathione levels when compared to individuals receiving soy oil. 
Supplementation with fish oil containing Omega-3 PUFA and soy oil containing PUFA 
derived from plants mitigated the PM-induced effects by up-regulating copper and zinc 
superoxide dismutase activity levels and increasing glutathione amounts. The fish oil also 
reduced the levels of lipid peroxidation products which are responsible for causing severe 
cell damage and inflammatory cell infiltration. Romieu et al. (2008) suggested the reduction 
in lipid peroxidation products was due to the intake of PUFA which was substituted into the 
phospholipid membrane to decrease peroxidation of the membranes.  
A study by Babcock et al. (2008) provided an alternative mechanism of action for 
PUFA. In murine macrophages that received the positive control (LPS) alone, the levels of 
pro-inflammatory cytokines and chemokines, nitric oxides, and pro-inflammatory 
prostaglandins increased. After pretreatment with PUFA, TNF-α, and IL-10 declined by 
50%. The authors attributed this decline to alterations in the MAPK pathway. ω -3 fatty acids 
inhibited the phosphorylation of MAPK and JNK which inhibited the downstream activation 
of AP-1 (Babcock et al. 2008). The vitamin and PUFA studies suggest these substances 
reconcile the oxidative stress induced by air pollutants and similar stimulants via inhibiting 
the activation of pro-inflammatory pathways and lessening the influx of immune cells  
Polyphenols 
Catechins 
Recent studies suggest that (-)-Epigallocatechin-3-gallate (EGCG), which makes up 
60% of the catechins in green tea, effectively reduce airway inflammation through multiple 
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mechanisms. One study examined how ECGC reduced cigarette smoke-induced 
inflammation and the onset of lung cancer in normal human bronchial epithelial cells. In cells 
exposed to cigarette smoke only, IκK was phosphorylated and subsequently IκBα was 
phosphorylated in the NF- κB pathway. This led to the release and nuclear translocation of 
NF- κB which suggests that cigarette smoke induces pro-inflammatory signal transduction in 
bronchial cells. Cells pre-treated with EGCG concentrations prior to cigarette smoke 
exposure had reduced phosphorylations of IκK and IκBα. This hindered the nuclear 
translocation of NF-κB which accounted for the reduction in NF-κB promoter activation 
(Figure 3). The hindered expression of ICAM, IL-8, and iNOS confirmed that NF- κB 
promoter activation was reduced (Sayed et al. 2007). An experiment by Hou et al. (2007) 
who used LPS-induced inflammation and RAW 264 murine macrophage cells to examine the 
effects of another catechin, prodelphinidin B-4 3’-O-gallate, on the NF-κB pathway revealed 
the same conclusions concerning reduced NF-κB activation and nuclear translocation. 
In the continuation of Sayed et al.’s study, cigarette smoke exposure was found to 
activate the MAPK pathway by enhancing p38, ERK1/2, and JNK1/2 MAPK 
phosphorylation. ECGC successfully reduced the phosphorylation and subsequent activation 
of p38, ERK, and JNK/MAPK pathway participants. Cigarette smoke is well-known for 
increasing the risk of lung cancer via the suppression of apoptosis. While suppression of 
apoptosis can occur through three pathways, ERK, PI3K/AKT, and PKA, researchers have 
examined the effects of cigarette smoke and/or dietary interventions on the activation of one 
of these pathways (PI3/AKT). Cigarette smoke activated the anti-apoptotic pathway, while 
ECGC inhibited the phosphorylation, activation, and subsequent nuclear translocation within 
the pathway (Sayed et al. 2007). 
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 Black tea polyphenols are polymers composed of flavan-3-ols and flavan-3-ol gallates 
with benzotropolone skeletons and are effective at inducing pro-antioxidant pathways. These 
bioactive constituents have been shown to activate the Nrf2 pathway in lung tissue extracted 
from mice pre-exposed to black tea polyphenols prior to a 24 hour B[a] P exposure. The 
black tea polyphenols enhanced the phosphorylation of Nrf2 at threonine residues and the 
disassociation of Nrf2 from KEAP1, thereby activating the transcription factor. This 
activation enhanced the nuclear translocation of Nrf2 and its subsequent binding to sequences 
on the XRE region of DNA. As a result, there was an up-regulation of GST alpha and NQO1 
mRNA and protein levels (Patel and Maru 2008). 
Resveratrol 
 Resveratrol is a compound found in grapes, berries, and wine that has been found to 
prevent cardiovascular disease, delay the onset of cancers, and, more importantly mediate 
pulmonary inflammation (Bisht et al.; Ya-Ling et al. 2009). Resveratrol has been shown to 
inhibit activation of NF- κB and reduce the levels of pro-inflammatory mediators such as 
GM-CSF and COX-2  in human primary alveolar macrophages cells (Donnelly et al. 2004). 
This compound has also been shown to increase levels of glutamate cysteine ligase (GCL), 
an Nrf2-regulated enzyme involved in the up-regulation of glutathione (Kode et al. 2007; 
Zhang et al. 2009). In a study by Kode et al. (2007), type II human alveolar cells exposed to 
cigarette smoke alone experienced an increase in the levels of ROS, inhibited nuclear 
translocation of Nrf2, subsequent GSH depletion due to rapid reduction of GSH to GSSG, 
and reduced GCL activity. Cigarette smoke also caused the formation of reactive protein 
carbonyls via protein oxidation. The protein carbonyls modified Nrf2/KEAP1 by forming 
carbonyl adducts on the complex. The modification prevented the nuclear translocation of 
 18
Nrf2 ensuring that it would be degraded by proteasomes in the cytoplasm. When cells were 
exposed to cigarette smoke and resveratrol, there was a reduction in ROS due to free radical 
scavenging, enhanced nuclear translocation of Nrf2, increased mRNA levels and enzymatic 
activity of GCL, and augmented GSH replenishment. Resveratrol also reduced the ability of 
cigarette smoke to interact with 4-hydroxy-2-nonenal and 3-nitrotyrosine thereby inhibiting 
the post-translational modification of Nrf2 and KEAP1 (Figure 7).  
Sulforaphane 
 Sulforaphane, known to have anti-tumorigenic properties (Fahey and Talalay 1999), 
is commonly found in cruciferous vegetables such as broccoli, cabbage, and cauliflower; 
more recent studies have focused on the anti-inflammatory effects and mechanisms of action 
of sulforaphane. In a study by Heiss et al. (2001), lipopolysaccharides (LPS) were used as a 
pro-inflammatory stimulant. LPS can induce the activation of the same molecules and 
pathways (for example, NF-κB, cJun/cFos AP-1, NF-IL6, etc) that are associated with 
stimulation by air pollution. Raw murine macrophages 264.7 were pre-treated with various 
concentrations of sulforaphane prior to LPS exposure after which time the levels of 
prostaglandin (PGE2), TNF-α, and nitrite, which is an indirect measure of nitric oxide 
production, were measured in the cell. Nitrite, PGE2, and TNF-α levels declined as the 
concentrations of sulforaphane increased.  The scientists examined whether sulforaphane had 
an effect on inducible nitric oxide synthase (iNOS), the enzyme responsible for nitric oxide 
(NO) production. Sulforaphane inhibited iNOS production, iNOS protein levels, and the 
levels of the pro-inflammatory mediator, COX-2, as sulforaphane concentrations increased.  
COX-2 is involved in the production of PGE2; in effect the decline in COX-2 levels 
coincided with the decline in PGE2 levels. The researchers also found that sulforaphane can 
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reduce the binding of NF-κB to DNA by modifying thiol-dependant subunits on the 
transcription factor (Heiss et al. 2001) (Figure 3). A similar study by Woo et al. (2007) 
confirmed the effects of sulforaphane on NF- κB transcription and sulforaphane was also 
found to stop the phosphorylation of JNK within the MAPK pathway. This inhibitory effect 
within the MAPK pathway led to the inhibition of  downstream COX-2 expression (Woo and 
Kwon 2007). Ultimately, sulforaphane also had an indirect effect on the synthesis of IκB in 
the NF- κB pathway and on JNK within the MAPK pathway both of which can affect 
activation of the transcription factor and gene expression.  
When bronchial epithelial cells were exposed to diesel exhaust particles after being 
pre-treated with sulforaphane, IL-8 levels were lower than in the treatment receiving diesel 
particles only. When normal human bronchial epithelial cells were exposed to diesel only, 
there was an increase in the production of IL-1β and granulocyte macrophage- colony 
stimulating factor (GM-CSF). Pre-treatment with sulforaphane reduced the levels of IL-1β 
and GM-CSF in a dose-dependant manner. Sulforaphane was also shown to up-regulate 
NQO-1 in normal human and bronchial epithelial cells and GSTM in normal human 
bronchial epithelial cells. The up-regulation of these phase II enzymes likely played a role in 
reducing the expression of pro-inflammatory cytokines (Ritz et al. 2007).  In a study by 
Degner et al. (2008), a metabolite from Brassica vegetables ( 3,3’-diindolylmethane- DIM)  
altered COX-2 expression via the Ahr pathway. COX-2 activation requires pre-
transcriptional chromatin modifications within the Ahr pathway and increased p300 promoter 
binding.  In the presence of DIM, the recruitment and binding of Ahr to the COX-2 promoter 
was reduced (Degner et al. 2008). Epigenetic modifications by dietary supplements play an 
important role in the activation of transcription factors. 
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Curcumin 
 Curcumin, a rhizome from the curcuma longa plant that has been used in the Indian 
spices curry powder and turmeric for centuries, has multiple modes of action in combating 
pulmonary inflammation through signal transduction and free radical scavenging. Type II 
alveolar cells that were pre-treated with curcumin before exposure to TNF or hydrogen 
peroxide experienced increased levels of GCL. Curcumin was also successful at scavenging 
free radicals, repressing the expression and intercellular release of IL-8, inhibiting NF-κB 
activation and DNA binding, and inhibiting AP-1 DNA binding (Biswal et al. 2005) (Figures 
1,3). Lung tissue extracted from mice pre-treated with curcumin prior to B[a] P exposure had 
lower CYP1A1/1A2 activities than mice exposed to B[a]P only. This decrease in enzyme 
activity correlated with an increase in curcumin dose. Curcumin was also found to hinder the 
phosphorylation of Ahr, which diminished Ahr activation and nuclear translocation (Figure 
2). Ahr activation depends highly on phosphorylation. Garg et al. (2008) deduced that 
curcumin’s inhibition of MAPK phosphorylation may inhibit the later phosphorylation of 
Ahr. However, other kinases may be involved in curcumin-inhibited phosphorylation. 
Curcumin has also been found to inhibit I-kappa B phosphorylation within the NF-κB 
pathway thereby altering COX-2 activation (Moriyuki et al. 2010) (Figure 1). Garg et al. also 
consider that the inability of Ahr to translocate to the nucleus may be caused by curcumin 
interacting with Ahr proteins (e.g. hsp90, ARNT, p23) that aid in nuclear translocation and 
DNA binding. In contrast to the Ahr pathway, curcumin enhanced the activation of the Nrf2 
pathway and the nuclear translocation and binding of Nrf2 to GST isoforms on the XRE 
(Figure 2). This resulted in an increase in the levels of GSTP and NQO1 mRNA, protein, and 
enzyme activity in the lungs (Garg et al. 2008). 
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Concluding Remarks 
With the birth of the industrial revolution in the late 1700s and the development of 
new technologies, sources of air pollution increased. In the case of ambient outdoor air 
pollution, the combustion of fuels and other products from steam engines, vehicles, factories, 
and industrial plants caused an increase in air pollution emissions (Yang and Omaye 2009). 
This industrial progress was the source of high levels of smog in London, England which 
resulted in the death of over 4000 people in 1952. Similar incidents in Meuse Valley, 
Belgium; and Donora, Pennsylvania, also resulted in high cases of hospitalization and 
mortality (Costa 2008). These episodes signified the importance of having clean air, as 
exposure to air pollutants cause serious cellular damage that the body tries to repair via 
stimulating a severe immune-mediated response that manifests as inflammation. Government 
intervention and the establishment of air quality standards in the Air Pollution Control Act of 
1947, the Clean Air Act of 1963, the Clean Air Act of 1970, and similar standards throughout 
the world reduced the levels of outdoor pollutants emitted  from vehicle and industrial 
processes (Costa 2008). In the United States, ozone, carbon monoxide, particulate matter, 
sulfur oxides, nitrogen dioxide, and lead were classified as criteria pollutants or air pollutants 
that pose the highest hazard to human health (USEPA 2009). As a result of this classification, 
the USEPA imposed restrictions and standards on these compounds to limit the levels that 
are emitted into the air. Individuals in newly developing countries that have no restrictions or 
standards and individuals in urban areas are more likely to be exposed to high levels of air 
pollution. Contact with high levels of air pollution increases the risk of developing airway 
inflammation. 
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One non-criteria air pollutant of concern is cigarette smoke, which has also been 
implicated in inducing an inflammatory response similar to that of other air pollutants. Since 
cigarettes contain many pro-inflammatory compounds including those found in air pollution 
such as metals, nitrogen oxides, and carbon monoxide, smokers risk developing airway 
inflammation severe enough to lead to serious systemic dysfunction (Costa 2008). In this 
thesis, in vivo and in vitro experiments were conducted to examine whether the natural 
products and supplements that have a cultural history of reducing inflammation are effective 
at treating and preventing the negative effects associated with air pollution and cigarette 
smoke exposure. 
 Several studies suggested that dietary intervention can provide the cytoprotective 
boost needed to fight off the negative effects of air pollution. Individuals with genetic 
deficiencies, respiratory illnesses, children, and the elderly may benefit from dietary 
interventions, because they can potentially reduce the development and exacerbation of 
cardiovascular and chronic lung diseases and diminish the negative effects associated with 
genetic deficiencies of enzymes that are critically important in the antioxidant/anti-
inflammatory response. Although nearly all of the dietary intervention studies discussed in 
this thesis shows very promising results against oxidative stress, there remains a wealth of 
unknown information concerning the use and effectiveness of dietary supplementation as 
antioxidants and anti-inflammatory agents.  
 
Objectives 
 Air pollutants have a history of stimulating pulmonary inflammation in vivo and in 
vitro as part of tier 2 pulmonary responses to pollution. However, dietary supplements may 
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prove to be useful in the alleviation of pollutant-induced pulmonary inflammation. The first 
premise of this thesis was to determine whether the ambient air particulate diesel exhaust 
particles (DEP) can induce inflammation via up-regulation of pro-inflammatory cytokines 
and induced antioxidant enzyme response in a human bronchial epithelial cell line. Next, a 
series of experiments were conducted to determine whether human bronchial epithelial cells 
pre-treated with one of two dietary supplements, curcumin or sulforaphane, had lower levels 
of inflammation after exposure to DEP than cells that were not pre-treated with dietary 
supplements. Sulforaphane has been recognized as a cancer chemotherapeutic and chemo-
preventative via inhibiting cytochrome p450’s, inducing phase II detoxification enzymes, cell 
cycle arrest, and enhanced apoptosis of various forms of cancer cells (Cheung and Kong 
2010). One factor associated with cancer pathogenesis is chronic inflammation. While 
sulforaphane and curcumin have been shown to affect the later stages of cancer pathogenesis, 
the effects of sulforaphane and curcumin on the beginning stages of inflammation has not 
been conclusively identified, especially as it relates to pulmonary inflammation. 
Sulforaphane and curcumin served as ideal models to determine whether dietary intervention 
can alter the induction of inflammation which can lead to serious and/or life-threatening 
chronic respiratory diseases. This model also allowed me to determine what pro-
inflammatory and antioxidant pathways are activated or deactivated after pre-treatment 
and/or particle challenge so as to better understand how these chemicals act on such 
pathways. The second premise was to determine whether titanium dioxide nanoparticles can 
induce inflammation via up-regulation of pro-inflammatory cytokines and antioxidant 
enzyme induction in a murine alveolar macrophage cell line. Titanium dioxide nanoparticles 
are used in a variety of products to enhance the physicochemical properties and as drug 
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delivery systems and nanoparticles are also a by-product of combustion. Despite the 
widespread use and presence of this substance within the environment and on/in the human, 
little information is available on whether the dangers of titanium dioxide outweigh the 
physicochemical and therapeutic value. Examining the effects of titanium dioxide can reveal 
the dangers associated with pulmonary exposure to the nano-sized particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
CHAPTER II 
EXPERIMENTS 
Experiment 1: The Pro-inflammatory Effects of Diesel Exhaust Particles on Human 
Bronchial Epithelial (BEAS-2B) Cells Pre-treated With Curcumin or Sulforaphane.  
 
Methods 
Cell culture 
 Immortalized cultures of human bronchial epithelial cells (BEAS 2B) were cultured 
in 75 cm2 flasks in KBM (keratinocyte basal medium) supplemented with antibiotics, insulin, 
hydrocortisone, epinephrine, and epidermal growth factor (KGM) purchased from Lonza 
(Walkersville, MD USA). Medium was changed every 2 days until cells were 90-95% 
confluent at 37°C in a humidified incubator with 5% CO2. Upon confluence, cells were 
seeded in 12-well plates until ~85% confluent. Prior to all pre-treatments and exposures, cells 
were washed with HBSS.  
DEP 
 Automobile DEP with a high organic content was obtained as previously described 
(Sagai et al. 1993).  DEP was suspended in KGM to achieve a concentration of 10 ug/cm2. 
DEP suspensions were sonicated for 30 seconds twice. Final volumes in each well totaled 1 
ml. Cells were exposed to media alone or media containing DEP for 4 hours or 16 hours. 
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After 4 hours or 16 hours, all cells were rinsed with HBSS. Media was saved from the 
experiments and LDH assays were conducted to determine cell viability.  
Sulforaphane and Curcumin 
Dry extracts of curcumin and liquid sulforaphane extracts were dissolved in dimethyl 
sulfoxide (DMSO) to achieve a stock concentration of 1mM for both compounds. The 
concentration of DMSO in all wells did not exceed 0.1%. Curcumin or sulforaphane were 
further diluted in KGM to the achieve 5µM, 15 µM, 25 µM, or 50 µM concentrations. Prior 
to supplement pre-treatment and diesel particle exposure experiments, cells were exposed to 
all concentrations of curcumin or sulforaphane for 48 hours with a media change at 24 hours. 
Cell viability and cytotoxicity was determined using Trypan Blue Exclusion assay (Figure 4) 
and Lactate Dehydrogenase assay, respectively (Figure 5). Exposure to concentrations of 
sulforaphane and curcumin (15 µM and greater) resulted in significant cytotoxicity and/or 
reduced cell viability. To avoid cytotoxicity and reduced cell viability curcumin and 
sulforaphane were diluted in KGM to achieve concentrations less than 15 µM (i.e. 1 µM, 2 
µM, 5 µM, or 10 µM). Cells were exposed to 1 µM, 2 µM, 5 µM, or 10 µM concentrations of 
sulforaphane, curcumin, DMSO vehicle control, or KGM for 16 hours. After 16 hours, all 
cells were gently rinsed with HBSS. 
Real-time quantitative RT-PCR 
Total RNA was extracted using TRIzol reagent (Invitrogen Life technology, Carlsbad, CA) 
or the microspin column technique using the RNeasy minikit (Qiagen, Valencia, CA) in 
compliance with the manufacturer’s instructions. Reverse transcription (RT) of RNA was 
conducted using a commercial RT kit. Using a real time PCR machine (Applied Biosystems), 
the complementary DNA (cDNA) underwent PCR with primers for IL-8, HO-1, COX-2, and 
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GAPDH. The PCR amplification program consisted of 3 stages. In stage 1 was 2 minutes 
long at 50°C, stage 2 was 10 minutes at 95°C, stage three consisted of 40- 15 second cycles 
at 95°C, and 1- 1 minute cycle at 60°C. The cycle during which amplification began, the 
threshold value, was obtained using Applied Biosystems 7500 Real-Time PCR system. Fold 
differences in mRNA levels by concentration was calculated using 2—ΔΔct.  Media was saved 
from the experiments and LDH assays were conducted to determine cell viability. The LDH 
assay was done using the CytoTox96 non-radioactive cytotoxicity assay (Promega Corp., 
Madison, WI). Baseline data was obtained from the control cells exposed to KGM only. 
Samples were measured at a wavelength of 490 nm in a microplate reader. 
 
Statistical Analysis 
 Data was analyzed using a two-way ANOVA with Bonferroni multiple comparisons 
tests since the effects of two independent variables on one dependant variable were observed 
and the presence of differences between the groups based upon the means and variances of 
the replicates of the groups were detected. The two independent factors of interest were 
treatment (presence of DEP challenge) and supplement (presence of sulforaphane or 
curcumin) (Figure 6). A value of p<0.05 was considered significant as compared to the 
control.  
 
Results: 
 DEP alone failed to induce a pro-inflammatory response as seen in the lack of up-
regulation of IL-8 and COX-2 mRNA in BEAS 2 B cells.  However, when cells were pre-
treated with curcumin prior to DEP exposure, there was a significant increase in mRNA 
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levels of IL-8 and COX-2 mRNA levels across all treatments (P<0.0001)  (Figures 6, 7). This 
result differs from other studies in which curcumin could inhibit the high levels of 
inflammation typically induced by air pollutants (Biswal et al. 2005; Garg et al. 2008). When 
compared to the control treatments, cells pre-treated with curcumin prior to DEP exposure 
could significantly enhance HO-1 (p<0.001 for all concentrations) mRNA levels across all 
curcumin concentrations (Figure 8) and NQO-1 after exposure to 2 μM (p<0.01), 5 μM 
(p<0.0001), and 10 μM (p< 0.0001) curcumin (Figure 9) .The two-way ANOVA revealed 
there were significant interactions (p<0.0001) between the presence of DEP and the presence 
of curcumin or sulforaphane which resulted in affecting the fold differences in IL-8 (Figures 
6, 10), COX-2 (Figure 7), HO-1 (Figures 8,11), and NQO-1 (Figure 9) mRNA in all 
treatments pre-treated with curcumin and sulforaphane prior to DEP challenge with the 
exception of sulforaphane HO-1 mRNA levels.  
Similar to curcumin, sulforaphane failed to significantly inhibit the mRNA levels of 
IL-8 in pre-treated cells, after exposure to 1 μM (P=0.01) and 2 μM (P= 0.001) of 
sulforaphane (Figure 10).  Moreover, HO-1 mRNA did not increase when BEAS 2B cells 
were pre-treated with sulforaphane and subsequently exposed to DEP (P>0.05) (Figure 11). 
When HO-1 mRNA levels were measured in BEAS 2 B cells pre-treated with sulforaphane 
prior to DEP challenge, there was no significant interaction (p=0.9898) between the presence 
of DEP and supplement. Other studies have found sulforaphane to be a potent inducer of HO-
1 (Fahey and Talalay 1999; Ritz et al. 2007; Woo and Kwon 2007). This result was not 
replicated in this experiment. 
Conclusions: 
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 In contrast to other studies, sulforaphane and curcumin appear to enhance the pro-
inflammatory effects of DEP. After a 16 hour supplement pre-treatment and subsequent 4 
hour DEP exposure, pro-inflammatory mRNA levels were elevated.  The presence of 
increased mRNA levels of COX-2 and IL-8 and the lack of antioxidant HO-1 mRNA may be 
due to the long pre-treatment incubation time. Sulforaphane and curcumin may have caused 
HO-1 to peak in less than 4 hours. Once the cells were challenged with DEP, the cells could 
no longer generate high levels of HO-1 for antioxidant defense. This explanation appears to 
be valid in the KGM and DMSO only treatments where HO-1 remained at baseline levels 
until the cells were challenged with DEP. Once the cells were challenged with DEP, the 
levels of HO-1 mRNA amplified significantly. A 1 hour, 2 hour, and 4 hour sulforaphane and 
curcumin pre-treatment prior to DEP exposure may have allowed the supplements to induce 
HO-1; thus once DEP is added, HO-1 induction could interfere with the amplification of 
COX-2 and IL-8.  
In a study by Moriyuki et al. (2010), curcumin did not inhibit the release of IL-8 and 
COX-2 at concentrations below 25 μM as seen in this study. However, Moriyuki et al. found 
that PGE2 production in human lung epithelial cells was the target of curcumin. 
Prostaglandin-2 synthesis was not one of the biomarkers measured in this study. Alternative 
biomarkers such as measuring protein levels and enzyme activity of catalase, superoxide 
dismutase, and prostaglandins would have allowed me to see whether the supplements 
enhanced these compounds more so than the ones measured.  
An alternative reason for the increased levels of COX-2 and IL-8 may be due to 
sulforaphane and curcumin hyper-sensitizing the cells via intercellular alterations prior to 
DEP challenge. Once the pre-treated cells were challenged with DEP, the overly sensitive 
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cells may have displayed a highly enhanced pro-inflammatory response to DEP. Although 
there is a lack of data to support the rationale that sulforaphane and curcumin enhances the 
activation of the Nrf-2 pathway and inhibits the activation of specific pro-inflammatory 
pathways in this study, the data suggests that DEP may be implicated in the activation of 
multiple pathways such as Ahr, NF-Kappa B, and MAPK. For example, COX-2 induction 
can be activated by the MAPK and NF-Kappa B pathways. The supplements ability to 
interfere with one pathway will not inhibit the cell from producing COX-2 via an alternative 
pathway. 
 
Experiment 2: The Pro-inflammatory Effects of Titanium Dioxide Nanoparticles on 
Murine Alveolar Macrophages (MH-S). 
Methods  
Cell cultures 
Immortalized cultures of murine alveolar macrophages (MH-S) were cultured in 75 
cm2 flasks in Dulbecco’s Modified Eagle’s Medium (DMEM) purchased from Lonza 
(Walkersville, MD USA) and supplemented with 10% fetal bovine serum (FBS) and 
gentamicin. Medium was changed every 2 days until cells were ~80% confluent at 37°C in a 
humidified incubator with 5% CO2. Upon confluence, cells were seeded in 12-well plates at a 
density of 76,000 cell per well. Cells were allowed to grow until ~85% confluent. Prior to all 
exposures, cells were gently washed with HBSS.  
Titanium Dioxide Anatase Nanoparticles 
Titanium dioxide anatase with a diameter of 10 nm, 32 nm, or 200 nm at >99.5% 
purity can quickly agglomerate once it is diluted in media. To slow the rate of aggregation in 
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KGM, the particles were diluted to a concentration of 10, 25, 50, or 100 ug/ml in KGM and 
each size and concentration was sonicated at 1 minute intervals for a total of 4 minutes. 
Immediately after sonication, the macrophages were exposed to the titanium dioxide for 4 
hours. The cells were rinsed with HBSS. The experiment was repeated using only 10 nm 
titanium dioxide particles.  And the addition of a 4 hour exposure time point. 
Real-time quantitative RT-PCR 
 Total RNA was extracted using TRIzol reagent (Invitrogen Life technology, 
Carlsbad, CA) or the microspin column technique using the RNeasy minikit (Qiagen, 
Valencia, CA) in compliance with the manufacturer’s instructions. Reverse transcription 
(RT) of RNA was conducted using a commercial RT kit. Using a real time PCR machine 
(Applied Biosystems), the complementary DNA (cDNA) underwent PCR with primers for 
MIP-2, IL-8, HO-1, COX-2, and GAPDH. The PCR amplification program consisted of 3 
stages. Stage 1 consisted of 1 cycle at 2 minutes at 50°C, stage 2 consisted of 1 cycle at 10 
minutes at 95°C, stage three consisted of 40- 15 second cycles at 95°C, and 1- 1 minute cycle 
at 60°C. The cycle during which amplification began, the threshold value, was obtained 
using Applied Biosystems 7500 Real-Time PCR system. Fold differences in mRNA levels by 
concentration for titanium dioxide was calculated using 2—ΔΔct.. Media was saved from the 
experiments and LDH assays were conducted to determine cell viability. 
Statistical Analysis 
 Data was analyzed using a two-way ANOVA with Bonferroni multiple comparisons 
tests since the effects of two independent variables on one dependant variable were observed 
and the presence of differences between the groups based upon the means and variances of 
the replicates of the groups were detected. The two independent variables of interest in the 24 
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hour experiments were treatment (presence of titanium dioxide nanoparticles) and particle 
size (small at 10 nm, medium at 32 nm, and large at 200 nm). The two independent variables 
of interest in the 4 hours versus 24 hours experiment were treatment (presence of titanium 
dioxide nanoparticle challenge) and time (4 hours and 24 hours). A value of p<0.05 was 
considered significant as compared to the control.  
Results 
 When MH-S cells were exposed to three sizes (10 nm, 32 nm, and 200 nm) of 
titanium dioxide nanoparticles for 24 hours, the mRNA levels of the  pro-inflammatory 
mediators MIP-2 (Figure 12) , IL-6 (Figure 13), and HO-1 (Figure 14) increased within the 
10 nm, 32 nm, or both the 10 nm and 32 nm particle size group. The two- way ANOVA 
revealed a significant interaction (p <0.001) between the presence of titanium dioxide 
nanoparticles and particle size for MIP-2, and IL-6 mRNA levels after exposure to titanium 
dioxide for 24 hours. 200 nm particles failed to induce a pro-inflammatory response. MIP-2 
significantly increased in the 10 nm size group for all concentrations ranging from 10 µM 
(P<0.0001) to 50 µM (P<0.05). IL-6 mRNA significantly increased (P<0.0001) at 24 hours 
in the 25 µM concentration treatments. Significant increases in HO-1 mRNA levels 
corresponded with increased nanoparticle concentration within the 10 nm nanoparticle 
exposure treatments. In contrast to the 10 nm titanium dioxide treatments, MHS cells 
exposed to 32 nm and 200 nm titanium dioxides did not have dose-dependant increases in 
HO-1 mRNA levels after 24 hours of particle exposure.   
 Although 24 hour exposure to titanium dioxide could result in significant increases in 
HO-1, MIP-2, and IL-6, these increases were not as elevated as mRNA levels in 
macrophages exposed to the nanoparticles for 4 hours.  10 nm titanium dioxide stimulated 
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significant increases in MIP-2 (Figure 15) and IL-6 (Figure 16) mRNA levels at 25 and 100 
µM.  
 Conclusions 
 Murine macrophages exposed to 10 nm particles for 4 hours experienced the highest 
induction of pro-inflammatory cytokine mRNA’s such as IL-8 and MIP-2 at concentrations 
ranging from 25 µM to 100 µM.  To mediate the pro-inflammatory effects, HO-1 mRNA 
appears to be up-regulated by 24 hours in a dose-dependant manner. Measuring HO-1 mRNA 
levels at an earlier time point may show that HO-1 is peaking much sooner than 24 hours or 
at a time point much closer to the time the macrophages engulf and compartmentalize the 
nanoparticles. The lack of cellular response to 10 µM of 10 nm titanium dioxide at 4 hours 
may be due to agglomeration rates.  Nanoparticles within systems that have a low 
concentration of particles will have a longer rate of agglomeration than systems containing a 
high concentration of nanoparticles (Johnstone et al. 2009).  Ten µM of titanium dioxide will 
take much longer to agglomerate and be recognized by macrophages than 25, 50 or 100 µM 
of particles. In this experiment, 10 µM of titanium dioxide did not agglomerate to a threshold 
size that is recognizable by murine macrophages within the course of 4 hours. Ultimately, 
higher concentrations of 10 nm titanium dioxide have the highest levels of negative effects 
on macrophages when compared to the effects of other larger particle sizes. This corresponds 
with data from Ferin et al. (1992) in that agglomerations of smaller sized particles remain 
more toxic than agglomerated larger sized particles of equal mass over the course of 12 
weeks in vivo.  
Studies have found that 10 nm nanoparticles are oftentimes not recognized by 
macrophages due to their nano- sizes. However, once the nanosized particles begin to 
 34
agglomerate, the macrophages can recognize them as they gradually increase in size without 
reaching sizes that are too large to engulf (Johnstone et al. 2009). Once the particles are too 
large, cell proteins or proteins from the media can easily bind to the outer crystalline 
structure of the nanoparticle thus allowing the particle to avoid detection by the immune 
system. 25 µM of 10 nm of titanium dioxide may also be the most toxic dose according to the 
24 hour exposure. However, further research can examine whether 50 µM and 100 µM of 
nanoparticles are overwhelming the macrophages thus making them non-functional. This 
knowledge is critical in that the cells may be losing their functions before they are able to 
generate pro-inflammatory cytokine mRNA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
CHAPTER III 
DISCUSSION 
With the birth of the industrial revolution in the late 1700s and the development of new 
technologies since the 1700’s, sources of particulate matter have increased. In the case of 
ambient outdoor air pollution, the combustion of fuels and other products from steam 
engines, vehicles, factories, and industrial plants caused an increase in air pollution emissions 
(Yang and Omaye 2009). This industrial progress was the source of high levels of smog in 
London, England which resulted in the death of over 4000 people in 1952. Similar incidents 
in Meuse Valley, Belgium; and Donora, Pennsylvania, also resulted in high cases of 
hospitalization and mortality (Costa 2008). These episodes signified the importance of 
having clean air, as exposure to air pollutants cause serious cellular damage that the body 
tries to repair via stimulating a severe immune-mediated response that manifests as 
inflammation. Government intervention and the establishment of air quality standards in the 
Air Pollution Control Act of 1947, the Clean Air Act of 1963, the Clean Air Act of 1970, and 
similar standards throughout the world reduced the levels of outdoor pollutants emitted  from 
vehicle and industrial processes (Costa 2008). In the United States, ozone, carbon monoxide, 
particulate matter, sulfur oxides, nitrogen dioxide, and lead were classified as criteria 
pollutants or air pollutants that pose the highest hazard to human health (USEPA 2009). As a 
result of this classification, the USEPA imposed restrictions and standards on these 
compounds to limit the levels that are emitted into the air. Individuals in newly developing 
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countries that have no restrictions or standards and individuals in urban areas are more likely 
to be exposed to high levels of air pollution of which particulate matter is a major 
component. Contact with high levels of particulate matter increases the risk of developing 
airway inflammation and chronic pulmonary illnesses. Several studies suggested that dietary 
intervention can provide the cytoprotective boost needed to fight off the negative effects of 
pulmonary inflammation. Individuals with genetic deficiencies, respiratory illnesses, 
children, and the elderly may benefit from dietary interventions, because they can potentially 
reduce the development and exacerbation of cardiovascular and chronic lung diseases and 
diminish the negative effects associated with genetic deficiencies of enzymes that are 
critically important in the antioxidant/anti-inflammatory response. Although many dietary 
intervention studies show very promising results against oxidative stress, there remains a 
wealth of unknown information concerning the use and effectiveness of dietary 
supplementation such as sulforaphane and curcumin.  
 Sulforaphane is commonly found in cruciferous vegetables such as broccoli, cabbage, 
and cauliflower; more recent studies have focused on the anti-inflammatory effects and 
mechanisms of action of sulforaphane. In a study by Heiss et al. (2001), lipopolysaccharides 
(LPS) were used as pro-inflammatory stimulants. LPS can induce the activation of the same 
molecules and pathways (for example, NF-κB, cJun/cFos AP-1, NF-IL6, etc) that are 
associated with stimulation by air pollution. Raw murine macrophages 264.7 were pre-
treated with various concentrations of sulforaphane prior to LPS exposure after which time 
the levels of prostaglandin (PGE2), TNF-α, and nitrite, which is an indirect measure of nitric 
oxide production, were measured in the cell. Nitrite, PGE2, and TNF-α levels declined as the 
concentrations of sulforaphane increased.  The scientists examined whether sulforaphane had 
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an effect on inducible nitric oxide synthase (iNOS), the enzyme responsible for nitric oxide 
(NO) production. Sulforaphane inhibited iNOS production, iNOS protein levels, and the 
levels of the pro-inflammatory mediator, COX-2, as sulforaphane concentrations increased.  
COX-2 is involved in the production of PGE2; in effect the decline in COX-2 levels 
coincided with the decline in PGE2 levels. The researchers also found that sulforaphane can 
reduce the binding of NF-κB to DNA by modifying thiol-dependant subunits on the 
transcription factor (Heiss et al. 2001) (Figure 3). A similar study by Woo et al. (2007) 
confirmed the effects of sulforaphane on NF- κB transcription and sulforaphane was also 
found to stop the phosphorylation of JNK within the MAPK pathway. This inhibitory effect 
within the MAPK pathway led to the inhibition of  downstream COX-2 expression (Woo and 
Kwon 2007). Ultimately, sulforaphane also had an indirect effect on the synthesis of IκB in 
the NF- κB pathway and on JNK within the MAPK pathway both of which can affect 
activation of the transcription factor and gene expression.  
When bronchial epithelial cells were exposed to diesel exhaust particles after being 
pre-treated with sulforaphane, IL-8 levels were lower than in the treatment receiving diesel 
particles only. When normal human bronchial epithelial cells were exposed to diesel only, 
there was an increase in the production of IL-1β and granulocyte macrophage- colony 
stimulating factor (GM-CSF). Pre-treatment with sulforaphane reduced the levels of IL-1β 
and GM-CSF in a dose-dependant manner. Sulforaphane was also shown to up-regulate 
NQO-1 and GSTM in normal human bronchial epithelial cells. The up-regulation of these 
phase II enzymes likely played a role in reducing the expression of pro-inflammatory 
cytokines (Ritz et al. 2007).  
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 Like sulforaphane, curcumin, a rhizome from the curcuma longa plant that 
has been used in the Indian spices curry powder and turmeric for centuries, has multiple 
modes of action in combating pulmonary inflammation through signal transduction and free 
radical scavenging. Lung tissue extracted from mice pre-treated with curcumin prior to B[a] 
P exposure had lower CYP1A1/1A2 activities than mice exposed to B[a]P only. This 
decrease in enzyme activity correlated with an increase in curcumin dose. Curcumin was also 
found to hinder the phosphorylation of Ahr, which diminished Ahr activation and nuclear 
translocation. Ahr activation depends highly on phosphorylation. Garg et al. (2008) deduced 
that curcumin’s inhibition of MAPK phosphorylation may inhibit the later phosphorylation 
of Ahr. However, other kinases may be involved in curcumin-inhibited phosphorylation. The 
authors also consider that the inability of Ahr to translocate to the nucleus may be due to 
curcumin interacting with Ahr proteins (e.g. hsp90, ARNT, p23) that aid in nuclear 
translocation and DNA binding. In contrast to the Ahr pathway, curcumin enhanced the 
activation of the Nrf2 pathway and the nuclear translocation and binding of Nrf2 to GST 
isoforms on the XRE. This resulted in an increase in the levels of GSTP and NQO1 mRNA, 
protein, and enzyme activity in the lungs (Garg et al. 2008). In this thesis, we also focused on 
whether the natural products and supplements that have a cultural history of reducing 
inflammation are effective at treating and preventing the negative effects associated with one 
type of particulate matter, diesel exhaust particles. Knowing this information would allow us 
to better understand what pathways are affected by diesel exhaust particles and whether 
supplements can interfere with the activation or inactivation of such pathways. 
In experiments 1, the presence of increased mRNA levels of COX-2, and IL-8 and the 
lack antioxidant HO-1 mRNA may be due to the long pre-treatment incubation time. 
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Sulforaphane and curcumin may have caused HO-1 to peak within 4 hours. Once the cells 
were challenged with DEP, the cells could no longer generate high levels of HO-1 for 
antioxidant defense. This explanation appears to be valid in the KGM and DMSO only 
treatments where HO-1 remained at baseline levels until the cells were challenged with 
DEP. Once the cells were challenged with DEP, the levels of HO-1 mRNA amplified 
significantly. A 1 hour, 2 hour, and 4 hour sulforaphane and curcumin pre-treatment prior to 
DEP exposure may have allowed the supplements to induce HO-1; thus once DEP is added, 
HO-1 induction could interfere with the amplification of COX-2 and IL-8. .In experiment 1, 
we only examined the mRNA levels of pro-inflammatory cytokines and antioxidant 
enzymes. The mRNA levels are not directly correlated with protein levels. Pre- and post-
transcriptional modifications and lack of transcription may reveal that IL-8 and COX-2 are 
not highly transcribed into IL-8 and COX-2 proteins. Further study can focus on the level of 
proteins that are generated via conducting Western Blots. And subsequent enzymatic activity 
can be measured over time after DEP exposure using fluorescence to look at the production 
of a product (e.g. determining HO-1 activity via measuring the rate of conversion of 
biliverdin to bilirubin).  
 A particulate that is not not-regulated and may have harmful effects which have not 
been well-studied is nanoparticulate matter. Nanoparticles have been implicated in inducing 
an inflammatory response similar to that of other particulate matter in air pollutants 
(Johnston et al. 2009). Nanoparticles lack the adhered organic compounds that particulate 
matter such as diesel exhaust particles tend to have adsorbed to the surface. However, the 
chemical structure itself may contribute to the toxicity of nanoparticles. Xia et al. (2006) 
found that the negatively charged crystal structure that composes the surface of titanium 
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dioxide nanoparticles and the low hydrophobicity of the particle can spontaneously result in 
the generation of reactive oxygen species directly from the nanoparticle.   
In experiment 2, MHS cells exposed to titanium dioxide with the smallest diameter 
experienced increases in the pro-inflammatory mediators COX-2, IL-6, and MIP-2 which are 
responsible for neutrophil and macrophage recruitment and possible prostaglandin synthesis 
by COX-2. Nanoparticles have been found to spontaneously release ROS in the absence of a 
stimulus resulting in the amplification of the aforementioned pro-inflammatory mediators 
once the macrophages encounter the ROS. The release of ROS from nanoparticles was not 
measured in this experiment. Additional objectives could determine the levels of 
spontaneously generated ROS from nanoparticles via the furfuryl alcohol (FFA) assay. The 
furfuryl alcohol consumes the unstable oxygen components of ROS. As ROS is generated, 
the amount of oxygen that FFA consumes can be measured in cell-free environments. The 
measurements can then be compared to the blank which is devoid of nanoparticles (Xia et al. 
2006).  One can use dichorofluoroscein diacetate (DCFH) to determine the levels of ROS 
generated by particle-exposed cells (without the interference of nanoparticles affecting the 
results of the assay). In this assay, DCFH specifically targets cell membranes due to the 
lipophilic diacetate group. The levels of ROS present correspond with the intensity of the 
DCFH that fluoresces once DCFH encounters ROS from the cells (Xia et al. 2006). ROS 
generated within cells may also be measured using electron paramagnetic resonance (EPR) 
spin trapping with probes specific for hydroxyl radicals, singlet oxygen, and other ROS. The 
loss of an EPR signal within the cell correlates with binding of the probes to the ROS to form 
stable adducts (Eto et al.).  
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  Many studies use cell models to examine the effects of dietary intervention strategies; 
however, these studies rarely address exactly how and whether these results can be 
extrapolated to humans. Determining whether the results remain the same among different 
cell and tissue types is critically important in deciding whether such models are accurate 
models of antioxidant and anti-inflammatory signal transduction in humans after dietary pre-
treatment and exposure to different types of particulate matter. Individuals are also complex 
with different physiologies, genetic compositions, and responses to air pollution. Examining 
the effects of particulate matter and nanoparticles on cell lines with genetic abnormalities 
(e.g. Nrf-2 polymorphisms) would aid in understanding how individual genetic differences 
can affect susceptibility to particles and the efficacy of dietary supplements after particle 
exposure. In vitro studies would allow researchers to focus on the differences in 
susceptibility in individuals and groups and examine any differences in the modes of action 
of dietary interventions given to these subjects. 
 Particulate matter exposure has been strongly linked to oxidative stress, 
inflammation, and the development and exacerbation of asthma, bronchitis, COPD, and 
cardiovascular disease. Ameliorating or treating the negative effects induced by particulate 
matter is vital to maintaining the health of the global population, because one cannot live if 
one cannot breathe. So, determining the negative pulmonary effects and finding the most 
beneficial dietary strategies to combat the negative effects can improve overall health, reduce 
the occurrence and exacerbation of respiratory and cardiovascular diseases, and decrease 
drug-induced side effects when compared to traditional medicinal treatments. However, more 
research is necessary to ensure dietary substances are suitable for negating the effects of 
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particulate matter on the respiratory tract. Ultimately, additional studies may confirm the use 
of natural products may prove to be an old solution to a relatively new danger. 
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Figure 1: MAPK pathway- ROS stimulate the activation of ASK-1 which activates MKK3/6 which leads to 
the phosphorylation of p38, thus allowing p38 to translocate to the nucleus and bind to AP-1 which is 
associated with transcription of cytokines, MIP-2, ICAM, and chemokines. 
 NF-kappaB pathway: ROS activate TAK-1. TAK-1 activation leads to the phosphorylation of IKK. 
Next, IKB is phosphorylated which releases IKB from NFKB. IKB is ubiquitinated and tagged for 
proteosomal degradation as NFKB translocates to the nucleus and binds to consensus sequences 
corresponding to chemokines, cytokines, and ICAM on DNA. 
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Figure 2: Ahr Pathway:ROS and PAH stimulate cytochrome p450 metabolism which results in the 
production of o-quinone product. O-quinone binds to the cytoplasmic aryl hydrocarbon receptor and 
translocates to the nucleus where it associates with ARNT. The complex binds to the xenobiotic 
response element thereby enhancing formatin of DNA adduct and strand breakage. Ahr/ARNT 
complex binding to the xenobiotic response element on DNA can also stimulate the production of 
cytochrome p450 enzymes (or phase I enzymes) and glutathione (phase II metabolic enzymes). 
 Nrf2 Pathway: In the presence of ROS, the Nrf2of the Nrf2/KEAP1 complex becomes 
phosphorylated thus allowing KEAP to dissociate from Nrf2. KEAP 1 is ubiquitinated and tagged for 
proteasomal degradation. Nrf2 translocates to the nucleus where it binds to xenobiotic response 
elements on the promoter. This results in the transcriptional up-regulation of NQO-1, GST, HO-1, 
SOD, UGT and ferritin. 
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Figure 3: AP-1 Pathway: ROS stimulate the phosphorylation of C-jun/C-jun complexes or C-jun/C-fos 
complexes. The complexes translocate to the nucleus and binds to the anion exchange promoter. Anion 
exchange proteins increase and stimulate the efflux of superoxide anions from the nucleus and the 
influx of bicarbonate into the nucleus. 
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Figure 4: Trypan Blue Exclusion assay percent cell viability for BEAS 2B cells exposed to 
DMSO vehicle control, sulforaphane, and curcumin for 48 hours at 0 µM, 5 µM, 15 
µM, 25 µM, or 50 µM concentrations.. 
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Figure 5: LDH cytotoxicity assay. Fold difference in LDH levels of BEAS 2B cells exposed 
to DMSO vehicle control, sulforaphane, or curcumin for 48 hours at 0 µM, 5 µM, 15 
µM, 25 µM, or 50 µM concentrations.. 
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Figure 6: Fold difference in IL-8 mRNA levels of BEAS 2B cells pretreated with curcumin for 16 hours
prior to a 4 hour KGM, DMSO, or DEP (10 µg/cm2) challenge. Significance indicated by asterisk versus
media control for all pre-treatments.
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Figure 7: Fold difference in COX-2 mRNA levels of BEAS 2B cells pretreated with curcumin for 16
hours prior to a 4 hour KGM, DMSO, or DEP (10 µg/cm2)  challenge. Significance indicated by
asterisk versus media control.
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Figure 8: Fold difference in HO-1 mRNA levels of BEAS 2B cells
pretreated with curcumin for 16 hours prior to a 4 hour KGM, DMSO,
or DEP (10 µg/cm2) challenge. Significance indicated by asterisk
versus media control.
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Figure 9: Fold difference in NQO-1 mRNA levels of BEAS 2B cells
pre-treated with curcumin for 16 hours prior to a 4 hours KGM,
DMSO, or DEP (10 µg/cm2) challenge. Significance indicated by
asterisk versus media control.
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Figure 10: Fold difference in IL-8 mRNA levels of BEAS 2B
 cells pre-treated with sulforaphane for 16 hours prior to a 4
 hours KGM, DMSO, or DEP (10 µg/cm2) challenge. Significance
 indicated by asterisk versus media control.
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Figure 11: Fold difference in HO-1 mRNA levels of BEAS 2B cells pretreated with
sulforaphane  for 16 hours prior to a 4 hour KGM, DMSO, or DEP (10 µg/cm2)
challenge. Significance indicated by asterisk versus media control.
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Figure 12: Fold difference in MIP-2 mRNA levels in MHS cells exposed to DMEM (negative control), LPS
(positive control), 10 nm, 32 nm, or 200 nm nanoparticles at 10 µM, 25 µM, 50 µM, or 100 µM for 24
hours. Significance indicated by asterisk versus media control.
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Figure 13: Fold difference in IL-6 mRNA levels in MHS cells exposed to DMEM (negative control), LPS
(positive control), 10 nm, 32 nm, or 200 nm nanoparticles at 10 µM, 25 µM, 50 µM, or 100 µM for 24
hours. Significance indicated by asterisk versus media control.
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Figure 14: Fold difference in HO-1 mRNA levels in MHS cells exposed to DMEM (negative control), LPS (positive
control), 10 nm, 32 nm, or 200 nm nanoparticles at 10 µM, 25 µM, 50 µM, or 100 µM for 24 hours. Significance
indicated by asterisk versus media control.
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Figure 15: Fold difference in MIP-2 mRNA levels in MHS cells exposed to DMEM (negative control), LPS
(positive control), 10 nm nanoparticles at 10 µM, 25 µM, 50 µM, or 100 µM for 4 hours or 24 hours.
Significance indicated by asterisk versus media control.
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Figure 16: Fold difference in IL-6 mRNA levels in MHS cells exposed to DMEM (negative control), LPS
(positive control), 10 nm nanoparticles at 10 µM, 25 µM, 50 µM, or 100 µM for 4 hours or 24 hours.
Significance indicated by asterisk versus media control.
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Figure 17: Fold difference in HO-1 mRNA levels in MHS cells exposed to DMEM (negative control), LPS
(positive control), 10 nm nanoparticles at 10 µM, 25 µM, 50 µM, or 100 µM for 4 hours or 24 hours.
Significance indicated by asterisk versus media control.
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